Sub-seafloor hydrothermal convection at mid-ocean ridges transfers 25% of the Earth's heat flux and can form massive sulfide ore deposits. Their three-dimensional (3D) structure and transient dynamics are uncertain. Using 3D numerical simulations, we demonstrated that convection cells self-organize into pipelike upflow zones surrounded by narrow zones of focused and relatively warm downflow. This configuration ensures optimal heat transfer and efficient metal leaching for ore-deposit formation. Simulated fluid-residence times are as short as 3 years. The concentric flow geometry results from nonlinearities in fluid properties, and this may influence the behavior of other fluid-flow systems in Earth's crust.
H ydrothermal convection at mid-ocean ridge spreading centers transports a major part of Earth's total heat flux, substantially affects the chemistry of crust and overlying ocean, and provides nutrients for chemosynthetic life on and beneath the sea floor. Mass, heat, and associated chemical fluxes from the crust to the ocean at mid-ocean ridge spreading centers are large (1, 2) . Fundamental features of this flow, such as the location of seawater recharge and the relative importance of off-versus along-axis convection, are still uncertain. Recent studies of active (3) and ancient (4) systems show that discharge can be highly focused in pipelike regions, possibly continuing to the base of the hydrothermal system (3). Recharge is often thought to occur over extensive areas (5, 6) , with off-axis faults guiding fluid pathways toward the base of the hydrothermal system. A common alternative view is that of fluid circulation being restricted to a high-permeability along-axis zone (7, 8) . Micro-earthquake data indicate that recharge can be focused close to the spreading center in some systems (9) .
Recent two-dimensional (2D) numerical studies that included accurate thermodynamic properties of water have shown that the nonlinear dependence of fluid properties on pressure and temperature is a first-order control, determining the self-organization of convection cells (10) (11) (12) . Quantitative 3D numerical models have been applied to low-permeability (13) or sedimented systems (14) and to a configuration with an along-axis high-permeability fracture (15, 16) but not to the more highly permeable basaltic systems, which represent the greater and most active part of mid-ocean ridge spreading centers. Here, we describe a 3D model that represents the hydrothermal system without geological complexity so as to identify the first-order physical factors controlling the behavior of mid-ocean ridge convection cells.
The governing equations are an appropriate version of Darcy's law (17) , conservation of mass and energy in an incompressible porous medium (12) and an accurate equation of state for pure water (18) . Using pure water substantially reduces the computational complexity because pure water above the critical pressure (21. relations of seawater have shown that the overall narrow shape of the upwelling plume remains similar in spite of phase separation (19) , hence the simplification employed here is justified. The equations are solved within the 3D box shown in Fig. 1 , which has been discretized by a total of~2.5 million tetrahedral elements. The total amount of energy added to the system can be estimated from the spreading rate of the oceanic plates. Magma crystallization and cooling to ambient temperatures release energy up to~120 MW/km of the spreading axis (2) . Direct measurements from individual vent fields or ridge segments have given substantially larger values, indicating that magma supply is episodic and local (20) (21) (22) . In the model, we set the heat flux at an intermediate value of 350 MW/km, which is distributed along the bottom in a Gaussian profile that mimics an elongated magma chamber with an across-axial width of roughly 1 km ( Fig. 1) (23) . We set a bulk permeability of k = 5.0 × 10 −14 m 2 . At these specific values of permeability and heat flux, the temperature near the bottom of the model establishes itself to be close to the expected magmatic temperatures of~1200°C (24) . At lower permeability, the system cannot remove heat fast enough, and the system heats up unrealistically. At higher permeabilities, heat is mined faster, suppressing bottom boundary temperatures to values much smaller than magmatic temperatures. The top boundary represents the sea floor and is kept at a pressure of 25 MPa, representing an ocean depth of roughly 2.5 km. To allow hot fluids to vent through the top, we used a mixed thermal boundary condition (11, 12) : In elements experiencing upflow, the thermal gradient is set to zero to represent unobstructed outflow to the ocean, whereas elements experiencing downflow take in 10°C water.
In the simulations, after a short initialization period, convection developed into pipelike upflow regions, spaced at regular distances of roughly 500 m ( Fig. 2A) . Although thermal instabilities periodically form and rise close to the axial center, the locations of the main upflow regions remain relatively fixed. Within these pipes, fluids of~400°C move upward vigorously and vent at the sea floor, forming near-circular discharge areas. The surface area of these fields is~2 × 10 4 m 2 , which is in good agreement with the range observed for natural black smoker fields of 3 × 10 3 m 2 to 1 × 10 5 m 2 (25) . Most of the downflow happens in concentric tube-shaped regions directly surrounding the upflow plumes (Fig. 2, A to C) . Fluid temperatures in these regions ranged from 100°to 300°C at already shallow depth. At a radius of less than twice that of the upflow zone, the downward mass flux reached a value five times as large as the average downward mass flux and about half the maximum upward flux. At a depth of 500 m, the integrated upward mass flux through the whole model is~800 kg/s, which implies~200 kg/s per kilometer of ridge segment and~100 kg/s per vent field. Roughly two-thirds of this mass is provided by downflow in the warm near-axial regions. Elevated temperatures of the downflowing fluids reaching 300°C imply that substantial heat is recirculated; roughly one-quarter of the heat traveling upward is lost conductively to the adjacent downflow zones, in which it is recirculated back to the bottom. This recirculation process therefore controls the thermal structure of the downflow zone, heating it to average temperatures of~200°C. Relatively warm downflow has been observed in 2D models (26) , in which downflow has to take place in between 
−6 m/s in the surrounding near-axial downflow zone. By converting these values to actual pore velocities, a residence time of only~3 years is calculated for a fluid particle entering the system through the proximal recharge zone, traveling to the base of the hydrothermal cell, and flowing out again through the black smoker. This short travel time is in agreement with recent estimates made with natural radionuclide tracers (27, 28) .
To understand why this system evolves this way, we analyzed the steady-state pressure gradient (∂p/∂z) in a simplified geometry, taking account of the nonlinearity of the fluid properties. In the near-axial region, the vertical pressure gradient must have a value between that of a cold and hot hydrostatic, so that cold fluids can be brought downward and hot fluids can be brought upward. As a first approximation, we assumed that recharge is limited to a region directly surrounding a pipe-shaped upflow zone ( fig. S1 ). The mass balance between up-and downflowing water is
Here, A u is the cross-sectional area of the upflow zone and A d is the cross-sectional area of the downflow zone. Subscripts u and d indicate properties of the upwelling and the downwelling fluid, respectively; r is the water density; m is the water viscosity; and g is the acceleration due to gravity ( fig. S1 ). Equation 1 assumes that horizontal pressure gradients between up-and downflow areas can be neglected. This assumption is allowed in the near-axial region because there the fluid flow is dominantly vertical. The vertical pressure gradient can be expressed in terms of the density r n of a fictitious neutrally buoyant fluid, according to ∂p/∂z = r n g. Equation 1 can now be written as
Here, the geometric constant g represents the ratio A u k u /A d k d and R is the ratio of fluid properties m d r u /m u r d . Physically, the product gR can be seen as the ratio of the resistance against flow in the downflow region over that in the upflow region and, depending on pressure and temperature, can have values ranging from 0.1 to 10 g. From Eq. 2, we can derive an expression for the fluxibility F, defined as the ability of a system to transport energy by buoyancy-driven convection
where h is the specific enthalpy of the fluid. Equation 3 is an extension of the ordinary definition of fluxibility (29) because it allows resistance in the downwelling limb as well as the upwelling limb. In the limit g → 0, in which the resistance of the downwelling limb is negligible as compared with that of the upwelling limb, Eq. 3 reduces to the original definition of fluxibility (29, 30) . Heating water from 10°to 200°C decreases m by approximately one order of magnitude, whereas r changes by only about 10% (Fig. 3A) . As a consequence, 200°C fluids can be brought downward highly efficiently: The greatly reduced viscosity makes them mobile, whereas their only weakly decreased density maintains a substantial downward buoyancy force as compared with the upflow zone. Heating the fluid to even higher temperatures would cause the density to decrease substantially and hence lower the downward buoyancy force. Downward mass transport can therefore be optimized at temperatures of around 200°C .
In order to analyze our numerical results, we took g as~1 because k is homogeneous (k d = k u ), and the area of upflow is roughly the same as the area of increased downflow (Fig. 2B) . Figure 3B plots F against temperatures of the up-and downflowing fluid using g = 1. It shows that energy transport can be maximized when upflowing water reaches temperatures of~400°C and downflowing water is~200°C, exactly like the thermal structure observed in the numerical simulations. The thermal structure of the numerical simulations featured enhanced downflow for fluids in the temperature range from 100°to 300°C, which fits with the peak of maximum fluxibility in Fig. 3B . At these conditions, a neutrally buoyant fluid has a density of~600 kg/m 3 ( Fig. 3C) , implying that ∂p/∂z is~6000 Pa/m, which is in agreement with simulation results. If upflowing fluids have either a lower or higher temperature than~400°C, then their hydraulic resistance will increase, hence the pressure gradient has to increase to drive such fluids upwards, resulting in larger neutral buoyancies (Fig. 3C) . Similarly, the resistance of the downflow zone increases if its temperature is either larger or smaller than~200°C. Cooling a~200°C fluid will increase its viscosity more rapidly than its density, whereas heating a~200°C fluid will decrease its density faster than its viscosity (see Fig. 3A ). Both effects result in a larger hydraulic resistance of the fluid. This analysis shows that the convection cells operate in a state of least hydraulic resistance in order to maximize the overall efficiency of energy transport. Thus, surprisingly, substantial recirculation of heat unexpectedly enhances mass fluxes through the system and thereby increases the overall heat transport of the cell. Previous studies indicated that black smoker systems could well be operating in a state of maximum energy transport (30) (31) (32) (33) , explaining why black smoker vent fields are often close to but never higher than~400°C (11) .
Convection cells evolve toward and remain in this state of least resistance by counteracting feedback mechanisms that self-regulate the flow in convection cells. For instance, increasing resistance by cooling the downflow zone to temperatures lower than~200°C slows down the fluid flow through the system. This reduced flow increases conductive heat losses from the upflow area, heating up the downflow area again to temperatures of~200°C. Furthermore, the upflow temperature cannot become hotter than~400°C (11) . Therefore, if convection stagnates because of external forces, the boundary layer between the magma chamber and hydrothermal cell will broaden, but upflow temperatures will stay at~400°C.
The regular spacing between black smoker fields has previously been explained with a slotconvection model, in which convection dominantly takes place in a high-permeability axial plane and therefore could be considered a 2D system (12) . Our simulations show that this restriction is not required and that, at high heat-flux conditions, convection naturally forms individual black smoker fields at regular spacing because of the nonlinear temperature and pressure dependence of the fluid's properties.
The Main Endeavour Field (MEF) on the Juan de Fuca ridge appears to be a natural exam- ple closely matching our simulation results. There, regularly spaced vent sites, with black smokers venting fluids close to 400°C, have been active for several years (34, 35) . Magnetic anomaly data show that upflow zones are narrow pipelike structures that reach to a depth of at least a few hundreds of meters and possibly to the base of the hydrothermal system with a regular spacing comparable with that in our simulations (3) . Though natural systems are geologically much more complex than the numerical model described here, we suggest that the MEF is likely to operate in a state of maximum energy transport, with recharge occurring close to the vent sites. The optimal site for future in situ tracer injection experiments would therefore be about twice the radius of a black smoker vent field. The relatively short residence times resulting from our calculations also indicate that such an experiment can lead to a successful tracer test within a realistic time frame.
Massive sulfide ore deposits form when convecting seawater leaches metals from new basaltic crust and reprecipitates them as sulfides at the outflow points of active black smokers. The solubility of iron, zinc, and copper increases almost exponentially with temperature (36) . Our simulations indicate that the average temperature of fluid-rock interaction is much higher than would be expected from dispersed seawater infiltration across the spreading axis (37) . As a result, solubility-limited leaching is expected to be much more effective by including large parts of the hot downflow path and not being restricted to the basal reaction zone of the system. With an average copper content in mid-ocean ridge basalt of 25 parts per million, a typical small seafloor sulfide deposit of 0.2 million metric tons containing 3% copper (38) can be formed by leaching only the upflow zone and its immediately surrounding hot downflow zone. The copper solubility in this region varies from~10 −7 mol/kg at 200°C to~10 −4 mol/kg at 350°C, ensuring that the metals are quickly leached and a deposit can form within a period of 100 to 1000 years.
